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Abstract We present a systematic investigation of the
crystallization and aggregation behavior of a poly(1,2-
butadiene)-block-poly(ethylene oxide) diblock copoly-
mer (PB-b-PEO) in n-heptane. n-Heptane is a poor
solvent for PEO and at 70◦C the block copolymer
self-assembles into spherical micelles composed of a
liquid PEO core and a soluble PB corona. Time- and
temperature-dependent light scattering experiments
revealed that when crystallization of the PEO cores is
induced by cooling, the crystal morphology depends
on the crystallization temperature (Tc): Below 30◦C,
the high nucleation rate of the PEO core dictates the
growth of the crystals by a fast aggregation of the
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micelles into meander-like (branched) structures due
to a depletion of the micelles at the growth front.
Above 30◦C the nucleation rate is diminished and a
relatively small crystal growth rate leads to the forma-
tion of twisted lamellae as imaged by scanning force
microscopy. All data demonstrate that the formation
mechanism of the crystals through micellar aggregation
is dictated by two competitive effects, namely, by the
nucleation and growth of the PEO core.
Keywords Block copolymer · Crystalline micelles ·
Self- assembly · Selective solvent
Introduction
Self-assembly of crystalline-coil block copolymers in
solution has attracted steadily increasing attention dur-
ing the last years since the resulting morphology may
be largely influenced by the crystallizable block. In
selective solvents, the insoluble block undergoes chain
folding upon crystallization. Thus, the resulting mor-
phology can be viewed as the solvent-soluble corona
blocks being grafted on both sides of the lamellar crys-
talline core [1–3]. The chain-folded crystalline region
leads to a dense packing of the amorphous blocks and
results in highly stretched tethered chains. The overall
shape thus depends on the interplay between the inter-
facial energy of the crystalline block and the solvent,
and the stretching within the amorphous block [4].
Thus, the micellar architecture is strongly influenced
by the crystallization conditions, such as temperature
[9], and composition of the block copolymers [3, 5–
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By changing composition, solvent, and structure of
the crystalline block, spherical [7, 11–13], cylindrical
[10, 14, 28], and lamellar micelles have been obtained
[1, 3, 5, 15, 29]. Recently, Winnik et al. reported
the possibility to obtain cylindrical micelles with con-
trolled dimensions and architectures of organometallic
block copolymers containing the crystallizable poly-
ferrocenyldimethylsilane as one block. These authors,
reported the transition from spherical micelles to
wormlike, cylindrical or tubular morphologies in non-
polar selective solvent [8, 16–18]. Recently, the forma-
tion of wormlike micelles was observed in which the
corona had undergone a microphase separation in or-
ganic media due to crystallization-induced aggregation
of triblock terpolymers [14].
In our previous studies, we demonstrated that so-
lutions of poly(butadiene)-block-poly(ethylene oxide)
in n-heptane present a good model system for the
study of the interplay between crystallization and ag-
gregation. For a symmetric PB-b-PEO block copoly-
mer (B52EO5.648 ) in n-heptane, a fast quenching into
liquid nitrogen results in the formation of crystalline
micelles retaining the spherical shape present in the
molten state at 70◦C [19]. If crystallization took place at
30◦C, a meander-like structure was formed. Moreover,
in the case of a highly asymmetric PB-b-PEO block
copolymer (B88EO29.512 ) we observed rod-like micelles
[20]. With time these rod-like micelles aggregate and
re-crystallize in solution forming long needles. Inves-
tigation on a poly(-caprolactone)-b-poly(ethylene ox-
ide) (PCL-b-PEO) block copolymer showed that the
morphology can be influenced by the crystallization
temperature, due to an increased chain folding at lower
crystallization temperatures [9].
All previous studies have highlighted the impor-
tance of the kinetics of crystallization for the resulting
morphology. However, a more detailed investigation
of the various factors influencing the micellization of
semicrystalline systems is till missing. In this study,
we discuss the effect of crystallization kinetics on the
morphology formed upon crystallization- induced
aggregation of spherical micelles of a symmet-
ric poly(1,2-butadiene)-block-poly(ethylene oxide) di-
block copolymer (B52EO5.648 ). The evolution of the size
of the aggregates and the kinetics at different crys-
tallization temperatures (Tc) was monitored by static
(SLS) and dynamic light scattering (DLS). The result-
ing crystalline micellar morphologies were imaged by
scanning force microscopy (SFM). The combination of
the various techniques indicated that the final morphol-
ogy is directly controlled by Tc: meander-like structures
formed at low Tc, whereas higher Tc lead to the forma-
tion of twisted lamellae.
Experimental section
The poly(1,2-butadiene)-block-poly(ethylene oxide)
diblock copolymer was synthesized via sequential an-
ionic polymerization with a composition given by
B52EO5.648 as described elsewhere [22–24]. The sub-
scripts denote the mass fraction in percent and the
superscript gives the overall number average molecular
weight of the block copolymer in kg/mol. The mole-
cular weights of the PB and PEO blocks are 2.9 and
2.7 kg/mol, respectively. The polydispersity index of the
diblock copolymer is 1.02. The samples were prepared
from 0.1 wt.% n-heptane solutions at different crystal-
lization temperatures for the PEO block.
Differential scanning calorimetry (DSC) measure-
ments on n-heptane solutions of B52EO5.648 (10 wt.%)
were performed using a Setaram MicroDSC III in
screwcapped stainless aluminum cells. The samples
were heated from 25 to 80◦C and cooled again to 25◦C
at a scanning rate of 0.5◦C min−1. This cycle was per-
formed three times to check reversibility of the transi-
tions. The samples were kept at 25◦C for 60 and 20 min
at 80◦C.
DLS and SLS were carried out on a ALV com-
pact goniometer system equipped with a He-Ne laser
(λ = 632.8 nm). All measurements were performed on
0.1 wt.% solutions of B52EO5.648 in n-heptane at a scatter-
ing angle of 90◦. The hydrodynamic radius RH derived
from the second cumulant analysis was monitored in
two degrees steps with a waiting time of 5 min at each
temperature. The samples for the aggregation kinetics
were first kept at 70◦C during 20 min to erase the
thermal history. Then, the samples were quenched in
the DLS to different crystallization temperatures. RH
and I/I0 were monitored every 15 s during 2 h.
The SFM experiments were performed using a Di-
mension 3,100 M microscope (Veeco Instruments)
equipped with a Nanoscope software operated in Tap-
pingMode at room temperature. The samples were pre-
pared by spin-coating the 0.1 wt.% B52EO5.648 solution
onto freshly cleaned silicon wafers. Scan rates between
0.5–1.0 Hz were used. The crystalline PEO block is
much stiffer then the amorphous PB block which al-
lowed us an imaging mode base on a mechanical con-
trast, complementary to the topographic imaging mode.
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Results and discussion
Influence of crystallization temperature (Tc) on the
micellar morphology
Recently, we described that crystallization of a poly(1,
2-butadiene)-block-poly(ethylene oxide) diblock co-
polymer (B52EO5.648 ) in n-heptane yielded spherical and
meander-like micelles via a fast quenching of the hot
solutions (70◦C) to 30◦C (pathway A), and into liq-
uid nitrogen (pathway B), respectively [19]. The mi-
celles were composed of a crystalline PEO core and
a soluble PB corona. The meander structure formed
via crystallization-induced aggregation of spherical mi-
celles upon cooling in n-heptane. In this study, samples
with different thermal histories were prepared in order
to investigate the influence of the crystallization condi-
tions on the finally formed morphology. The 0.1 wt.%
solutions of B52EO5.648 block copolymer in n-heptane
were kept at 70◦C for 20 min in order to erase any ther-
mal history. Then they were quenched for two hours
to 20, 30 and 34◦C, respectively. The phase-contrast
images clearly confirm the morphological difference
between the crystals formed at a distinct Tc (Fig. 1).
Figure 1a–d shows the meander-like morphologies
formed in the solutions crystallized at 20 and 30◦C,
respectively. The width of the meanders was found to
be rather uniform, 35 ± 5 nm (Fig. 1a,b) and 40 ±
4 nm (Fig. 1c,d), quantified by measurements from over
50 crystals. The length distribution of the branches is
relatively broad, ranging from 35 to 300 nm at Tc =
30◦C. The branch lengths of the meanders formed at
20◦C, is much shorter, varying from 35 to 150 nm.
At 30◦C the width of the ribbon-like PEO core has
an average value of 20 ± 2 nm, surrounded by an
amorphous PB layer of 20 ± 4 nm. The bright areas
correspond to the PEO block surrounded by the PB
layer as the darker areas indicated in Fig. 1c. The higher
contrast of the PEO core is related to a more dense
packing of chains in a crystallite compared with the
amorphous state. Similar values for the meanders were
found in our previous work at this crystallization tem-
perature. The overall thickness measured by SFM from
the height images was 16 and 17 nm at 20 and 30◦C,
respectively. The overall shape of the morphologies
resembles that of a fractal growth [25], and is consistent
with our previous investigations [19].
In contrast, when the solution is quenched to 34◦C
(Fig. 1e,f) a change of the crystal morphology is ob-
served which hints to a twisted lamellae. The thickness
of the twisted lamellae is 18 nm, which is comparable
Fig. 1 SFM phase image of B52EO5.648 crystalline micelles from
a 0.1 wt.% solution in n-heptane after quenching to 20◦C (a, b),
30◦C (c, d) and 34◦C (e, f). The arrows point out to the PEO
block (light areas) and the surrounding PB layer (darker area) as
can be visualized from the phase contrast difference between the
two polymers
with that of the meanders. This shows that there is
not change in chain folding due to different quenching
temperatures Tc. The average width of the crystals in-
creased to 80 ± 18 nm (quantified from measurements
of over 50 crystals) which is twice the size of the crystals
formed at lower crystallization temperatures, however
the widths are not as uniform as compared to that of the
meanders formed at 20 or 30◦C.
In thin films, it has been demonstrated that the
lamellae thickness increases with crystallization tem-
perature [26, 27]. Large undercooling induced a
large chain-folding number, whereas at higher Tc the
crystalline polymer chains adopted a fully extended
conformation. In addition, investigations on a poly(-
caprolactone)-b-poly(ethylene oxide) (PCL-b-PEO)
block copolymer showed that the extend of chain
folding, and as a result the final morphology, can
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Fig. 2 Left: temperature dependence of the hydrodynamic radius
(black circles) of a 0.1 wt.% solution of B52EO5.648 upon cooling
from 70 to 20◦C. Right: DSC cooling (black dash line) and heating
scans (red line) of a 10 wt.% solution of B52EO5.648 in n-heptane
be influenced by the crystallization temperatures [9].
However, in our case the different morphology formed
at 34◦C does not result from a change in the extend
of chain folding, as the thickness of the crystals is
comparable to that formed at lower crystallization tem-
peratures. This point will be discussed in more detail in
the next section.
Kinetics and mechanism of structure formation
The structure formation upon cooling from 70 to
20◦C of the B52EO5.648 n-heptane solution has been
investigated by DSC and DLS. DSC measurements
(Fig. 2 Right) revealed a broaden crystallization tran-
sition between 27 and 32◦C with a maximum crystal-
lization peak at 30◦C. The onset of the crystallization at
30◦C was supported by DLS measurements, in which an
increase from 12 to 140 nm of the hydrodynamic radius
RH was observed. This is consistent with our previous
investigations (Fig. 2 Left) [19]. DSC shows a novel be-
havior in n- heptane solution, which indicated two melt-
ing endothermal peaks at 38◦C (Tm1) and 42◦C (Tm2),
whereas in the bulk only a single melting peak at 47◦C
was observed. Since the double melting endotherms
could not be observed in bulk, it is reasonably to con-
clude that this behavior is induced by the morphology
formed in the solution. As the meanders are branched
lamellar structures, the first melting endothermal peak
from 38◦C has to be related with the melting of the less
perfect branched points, whereas the second melting
peak from 42◦C points out to the complete melting of
the lamellar units. The DSC heating trace at 70◦C is far
away from the melting temperature of the crystals, i.e.,
no thermal history is expected at this temperature.
The kinetics of the crystallization/aggregation
process and the size evolution of the aggregates were
monitored by measuring the time dependence of the
RH and I/I0 after fast quenching of the 0.1 wt.%
Fig. 3 Evolution of the normalized hydrodynamic radius
RH/RH0 (a) and of the normalized scattering intensity I/I0 (b)
of 0.1 wt.% solution of B52EO5.648 in n-heptane first equilibrated
(blue square), 30◦C (red circles) and 20◦C (green diamond). The
full symbols correspond to the RH/RH0 and the empty symbols
to I/I0
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Fig. 4 Dependence of the size of crystalline micelles (black
circles with dash line) and of the induction time of the primary
nucleation process (red triangle) on the crystallization tempera-
ture (Tc).
solution from 70◦C to different Tc directly in the DLS
bath. Figure 3 displays the evolution with time of
RH/RH0 and I/I0 while quenching to different Tc.
The RH and I at time t was normalized to its initial
average value RH0 and I0, respectively before the onset
of the crystallization/ aggregation. The RH retained a
constant value of 12 nm when the solution is quenched
to 35◦C or higher temperatures. At temperatures below
35◦C crystallization takes place in the micellar PEO
core as monitored by the increase of RH (Fig. 3a). This
indicates rearrangement of micelles and growth into
larger structures. An enhancement of the normalized
intensity of about two decades marked this transition
(Fig. 3b). RH strongly depends on Tc, i.e., RH decreases
with decreasing Tc, from 195 nm at Tc = 34◦C to 85 nm
at Tc = 20◦C, respectively (Fig. 4).
A small induction time of the crystallization process
was recorded at Tc ≤ 30◦C (only few seconds), whereas
at Tc = 34◦C was delayed with 30 min (Fig. 4). The
shortest induction time (400 s) was observed at 30◦C,
where the maximum of the crystallization exotherm
was observed in micro-DSC measurements (Fig. 2).
Moreover, the crystallization temperature affects the
aggregation time of the micelles, that is, the time until a
stable RH plateau is reached, after the onset of crystal-
lization. The lowest aggregation time was observed at
Tc ≤ 30◦C, as 225 and 470 s at 20 and 30◦C, respectively.
At Tc > 30◦C, the aggregation time increased to 730 s
at 34◦C.
The above results suggest the presence of two types
of mechanisms in which the crystal growth proceeds
in different manners. At Tc ≤ 30◦C, crystallization in-
duced a high nucleation rate in the solution on a narrow
micellar neighbors and fast advancing of the crystal-
lization front in the solution leads to fast depletion of
micelles at the growing front. Herein, the crystallization
front, therefore the nucleation and growth process,
propagates very fast in the solution.
At Tc > 30◦C, the nucleation rate is lowered and only
few nuclei formed at the same time scale in solution. At
34◦C, the long induction time of crystallization hinders
the detection of an endothermic signal in the DSC, that
is, nucleation is too slow at this temperature in order
to create nuclei at a slow cooling rate of 0.5◦C min−1
(see Fig. 2). Due to the reduced number of nuclei/time
the growth process is slow and no depletion of micelles
occurred at the crystal growth front, as a gradual devel-
opment of RH to a stable value was observed (Fig. 3a).
Here, the growth process has obviously becomes the
step that determines the crystal pattern rather than
the nucleation process. It is interesting to note that
the crystal morphology is changed concomitantly from
meanders (branched lamellae) to twist lamellae at Tc >
30◦C (Fig. 1).
Conclusion
We can hence conclude that the resulting morphology
is controlled by two competitive effects, namely, by
the nucleation and growth of the PEO micellar core:
At lower Tc, the nucleation rate is high, the crystal
growth front is accelerated which results in a meander-
like morphology. At higher Tc the nucleation rate is
lowered. Thus, the micelles have enough time to reach
the growth front of the crystals favoring the formation
of twisted lamellae. This procedure allows us to tune
morphological structures in dependence on crystalliza-
tion temperature by change of the growth kinetics.
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